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Abstract
Since the introduction of virtual memory demand-paging

and cache memories, computer systems have been exploiting

spatial and temporal locality to reduce the average latency of a
memory reference. In this paper we introduce the notion of
value locality, a third facet of locality that is frequently present
in real-world programs, and describe how to effectively capter
and exploit it in order to perform load value prediction. Tempo-
ral and spatial locality are attributes of storage locations, and
describe the future likelihood of references to those locations or
their close neighbors. In a similar veinyalue locality describes
the likelihood of the recurrence of a peviously-seen value within
a storage location. Modern pocessors aleady exploit value
locality in a very restricted sense though the use of contol spec-
ulation (i.e. branch prediction), which seeks to pedict the future
value of a single condition bit based on @viously-seen values.
Our work extends this to predict entire 32- and 64-bit egister
values based on mviously-seen values. \&ffind that, just as con-
dition bits are fairly predictable on a perstatic-branch basis,
full r egister values being loaded &fm memory are frequently
predictable as well. Furthermoe, we show that simple miavar-
chitectural enhancements to two modern miaprocessor imple-
mentations (based on the PowerPC 620 and Alpha Pd4) that
enableload value prediction can effectively exploitvaluelocality
to collapse true dependenciesgduce average memory latency
and bandwidth requirements, and povide measurable perfor-
mance gains.

1. Intr oduction and Related Work

additional features such as non-blocking fetches [Kro81], victim
caches [Jou90], and sophisticated hardware prefetching [CB94] to
alleviate the access penalties for those references that have locality
characteristics that are not captured by more conventional designs.

Others have proposed altering the behavior of programs to
improve the data locality of programs so that it better matches the
capabilities of the cache hardware. Such improvements have prima-
rily been limited to scientific code with predictable control flow and
regular memory access patterns, due to the ease with which rudi-
mentary loop transformations can dramatically improve temporal
and spatial locality [ASKL81,CMT94]. Explicit prefetching in
advance of memory references with poor or no locality has also been
examined extensively in this context, both with [CMCH91,CB94]
and without additional hardware support [CKP91,MLG92].
Dynamic hardware techniques for controlling cache memory allo-
cation that significantly reduce memory bandwidth requirements
have also been proposed [TFMP95]. In addition, alternative pipeline
configurations that reduce average memory access latency via early
execution of loads have been examined [Jou88,AS95].

The most relevant prior work related to ours isThae Machine
[Har80,Har82], which uses\alue cache to store and look up the
results of recurring arithmetic expressions to eliminate redundant
computation (thevalue cache, in effect, performgommon subex-
pression elimination [ASU86] in hardware). Richardson follows up
on this concept in [Ric92] by introducing the concepttrinial
computation, which is defined as the trivialization of potentially-
complex operations by the occurrence of simple operands; and
redundant computation, where an operation repeatedly performs the
same computation because it sees the same operands. He proposes

The gap between main memory and processor clock speeds it hardware mechanism (tresult cache) which reduces the latency
growing at an alarming rate [RD94]. As a result, computer system of such trivial or redundant complex arithmetic operations by stor-
performance is increasingly dominated by the latency of servicing ing and looking up their results in thesult cache.
memory accesses, particularly those accesses which are not easily In this paper, we introducealue locality, a concept related to
predicted by the temporal and spatial locality captured by conven-redundant computation, and demonstrate a technigumad Value
tional cache memory ganizations [Smi82]. Conventional cache Prediction, orLVP--for predicting the results of load instructions at

memories rely on a prograstemporal and spatial locality to
reduce the average memory access latefeyporal locality

dispatch by exploiting the affinity between load instruction
addresses and the values the loads prodiediffers from Har-

describes the likelihood that a recently-referenced address will bebison’svalue cache and Richardson’sesult cache in two important

referenced again soon, whipatial locality describes the likeli-

ways: first, the LVP table is indexed by instruction address, and

hood that a close neighbor of a recently-referenced address will benence value lookups can occur very early in the pipeline; second, it
referenced soon. Designing the physical attributes (e.g. size, lineis speculative in nature, and relies on a verification mechanism to
size, associativifyetc.) of a cache memory to best match the tem- guarantee correctness. In contrast, both Harbison and Richardson
poral and spatial locality of programs has been an ongoing challengeuse table indices that are only available later in the pipeline (Harbi-
for researchers and designers alike. Some have proposed addingon uses data addresses, while Richardson uses actual operand val-
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ues); and require their predictions to be correct, hence requiring
mechanisms for keeping their tables coherent with all other compu-
tation.

2. Value Locality

In this paperwe introduce the conceptwluelocality, which we
define as the likelihood of a previously-seen value recurring repeat-
edly within a storage location. Although the concept is general and
can be applied to any storage location within a computer system, we
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have limited our current study to examine only the value locality of ®
general-purpose or floating-point registers immediately following
memory loads that tget those registers. A plethora of previous reloaded repeatedly
work on dynamic branch prediction (e.g. [Smi81,YP91]) has  Naturally, many of the above are subject to the particulars of the
focused on an even more restricted application of value Igcality instruction set, compiler, and run-time environment being
namely the prediction of a single condition bit based on its past employed, and it could be argued that some of them could be elim-
behavior This paper can be viewed as a logical continuation of that inated with changes in the ISA, compiler, or run-time environment,
body of work, extending the prediction of a single bit to the predic- or by applying link-time or run-time code optimizations (e.g.
tion of an entire 32- or 64-bit register [SW94, KEH93]). However, such changes and improvements have
Intuitively, it seems that it would be a very difficult task to dis- been slow to appear; the aggregate effect of above factors on value
cover any useful amount of value locality in a register. After all, a locality is measurable and significant today on the two modern RISC
32-bit register can contain any one of over four billion values--how ISAs that we examined, both of which provide state-of-the-art com-
could one possibly predict which of those is even somewhat likely pilers and run-time systems. It is worth pointing out, however, that
to occur next? As it turns out, if we narrow the scope of our predic- the value locality of particular static loads in a program can be sig-
tion mechanism by considering each static load individually, the nificantly affected by compiler optimizations such as loop unrolling,
task becomes much easier, and we are able to accurately predict Bop peeling, tail replication, etc., since these types of transforma-
significant fraction of register values being loaded from memory. tions tend to create multiple instances of a load that may now exclu-
What is it that makes these values predictable? After examiningsively target memory locations with high or low value locality. A
a number of real-world programs, we assert that value locality existssimilar effect on load latencies (i.e. per-static-load cache miss rates)
primarily for the same reason thpatrtial evaluation [SIG91] is such has been reported by Abraham et al. in [AS3].
an effective compile-tim_e optimization; namely_, that real-wqud TABLE 1. Benchmark Descriptions
programs, run-time environments, and operating systems incur

Register spill code: When a compiler runs out of registers,
variables that may remain constant are spilled to memory and

severe performance penalties because thegemeeal by design. | Instr Count
That is, they are implemented to handle not only contingencies, | BENchma Description Input Set :
exceptional conditions, and erroneous inputs, all of which occur rel- rks PPC | Alpha
atively rarely in real life, but they are also often designed with future -
expansion and code reuse in mind. Even code that is aggressivelyccl-271 |GCC 2.7.1; genoutput.i 10zM| 117M
optimized by modern, state-of-the-art compilers exhibits these ten- SPEC95 flags  |from SPEC95
dencies. We have made the following empirical observations about|ccl GCC 1.35 from |insn-recog.i 146M N/A
the programs we examined for this study, and feel that they are help SPEC92 from SPEC92
ful in understanding why value locality exists: cine JPEG encoder 1128x128 BW 28Ml 10.7M
* Dataredundancy: Frequentlythe input sets for real-world e image ' .
programs contain data that has little variation. Examples of this - - -
are sparse matrices, text files with white space, and empty cells|COmpress| SPEC92 file |1 iter with 1/2 | 38.8M| 50.2M
in spreadsheets. compression |of SPEC92
* Error-checking: Checks for infrequently-occurring conditions egntott |SPEC92 Eqgn to|Mod. input 25.5M| 44.0M
often compile into loads of what ardegftively run-time con- truth table from SPEC92
stants. _ _ gawk  |GNU awk; 1.7M simulator| 25.0M| 53.0M
* Program constants: It is often more dicient to generate code result parser  |output file
to load program constants from memory than code to construct
them with immediate operands. gperf GNU hash fn  |gperf -a -k 1-13 7.8M| 10.8M
* Computed branches: To compute a branch destination, for generator -D -o dict
e.g. a switch statement, the compiler must generate code to  [grep gnu-grep -c Same as com-| 2.3M| 2.9M
load a register with the base address for the branch, which is a “st*mo” press
run-time constant. _ _ ) mpeg Berkeley MPEG|4 frames w/ 8.8M| 15.1M
* Virtual function calls: To call a wrtugl func.tlon., thg compiler decoder fast dithering
gqr;jztc%enl?s?;?\tte code to load a function pojnich is a run- perl SPEC95 Ana-_ |find “admits” 105Ml 114M
* Gluecode: Due to addressability concerns and linkage con- . gra.m search in 1/8 of input
ventions, the compiler must often generate glue code for call- |duick Quick sort 5,000 random | 688K| 1.1M
ing from one compilation unit to anoth&his code frequently elements.
contains loads of instruction and data addresses that remain |sc Spreadsheet  |Short input 78.5M| 107M
constant tljr_oughout t.he execution_ _of a program. _ from SPEC92 |from SPEC92
. Addres&ablllty:_ To gain address_ablllty to non-automatic stor- xlisp SPEC92 LISP |6 queens 52 1M 60.0M
age, the compiler must load pointers from a table that is not interpreter
initialized until the program is loaded, and thereafter remains —
constant. doduc Nuclear reactor |Tiny input from| 35.8M| 38.5M
* Call-subgraph identities: Functions or procedures tend to be simulator SPEC92
called by a fixed, often small, set of functions, and likewise hydro2d |Computation of |Short input 4.3M| 5.3M
tend to call a fixed, often small, set of functions. As a result, galactic jets from SPEC92
Ioads that restore thg link register as well as other callee-saved|gywm256 |Shallow water |5 iterations (vs| 43.7M| 54.8M
registers can have high value locality model 1,200)
* Memory aliasresolution: The compiler must be conservative —— -
about stores aliasing loads, and will frequently generate what tomcatv | Mesh generatloméll(;toeratlons (vs) 30.0M} 36.9M
appear to be redundant loads to resolve those aliases. program )
Total 720M| 721M
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FIGURE 1. Load Value Locality.The light bars show value 2 40.0 4
locality for a history depth of one, while the dark bars shoy it |S 20.0 —
for a history depth of sixteen. 0.0 7
The benchmark set we use to explore value locality and quantify Instruction Addresses
its performance impact is summarized in TabléVe have chosen 100.0 ]
thirteen integer benchmarks, five of them from SPEC ‘92, one from g 80.0 —
SPEC ‘95, along with two image-processing applications (cjpeg and | » b
mpeg), two commonly-used unix utilities (gawk and grep), GNU's | g 60-0 B
perfect hash function generator (gperf), a more recent version of| 3 40.0 —
GCC (cc1-271), and a recursive quicksort. In addition, we have cho- % b
sen four of the SPEC ‘92 floating-point benchmarks. All bench- |> 20.0 ]
marks are compiled at full optimization with each manufacturer’s 0.0
reference compilers, with the exception of gperf (our token C++ A & P F S L RP DD PSR
benchmark), which is compiled with IBM’s CSET compiler under Q&’{L ¢ ‘%\Q&é" S S %\6‘0 NI %@“t@«‘@ ¥
AlX, and GNU’s g++ under OSF/1. All benchmarks are run to com- ©
pletion with the input sets described, but do not include supervisor-| FIGURE 2. PowerPC Value Locality by Data Type.The
state instructions, which our tracing tools are unable to capture. light bars show value locality for a history depth of one, while
Figurel shows the value locality for load instructions in each of | the dark bars show it for a history depth of sixteen.

the benchmarks. The value locality for each benchmark is measured

by counting the number of times each static load instruction To further explore the notion of value locality, we collected data

retrieves a value from memory that matches a previously-seen valuéha.t classifies loads based on the type of da_ta being loaded: floating-
point data, non-floating-point data, instruction addresses, and data

for that static load and dividing by the total number of dynamic loads addresses (pointers). These results are summarized in Eighee
In the benchmark. Two sets of numbers are shown, one (light bars)results shovxF/)n are for' the PowerPC architecture only). Once again
for a history depth of one (i.e. we check for matches against only the y). gan,

. : wo sets of numbers are shown for each benchmark, one for a history
most-recently-retrieved value), while the second set (dark bars) hast . S
a history depth of sixteen (i.e. we check against the last sixteendepth of one (light bars), and the other for a depth of sixteen (dark

unique values) We see that even with a history depth of one, most bars). In general, we see that address loads tend to have better local-
of the integer programs exhibit load value locality in the 50% ,range, ity than data loads, with Instruction addresses holdlpg aslight edge
while extending the history depth to sixtdatong with a hypothet- over data addresses, and integer data loads holding an edge over

ical perfect mechanism for choosing the right one of the sixteen Val_floatlng-pomt loads.

ues)can improve that to better than 80%. What this means is that the3. Exploiting Value L ocality

vast majority Of StatiC |Oads eXh|b|t Vel’y I|tt|e Variation in the Values The fact that memory loads in many programs demonstrate a sig_
that they load during the course of a program’s execution. Unfortu- pificant degree of value locality opens up exciting new possibilities
nately, three of our benchmarks (cjpeg, swm256, and tomcatv) dem+or the microarchitect. In this papave describe and evaluate the
onstrate poor load value locality. Load Value Prediction Unit, a hardware mechanism which
addresses both the memory latency and memory bandwidth prob-
1. The history values are stored in a direct-mapped table with 1K lemsin a novel fashion. First, by exploiting thiéréfy between load
entries indexed but not tagged by instruction address, and the val-instruction addresses and the values being loaded, we are able to
ues (one or sixteen) stored at each entry are replaced with an LRUreduce load latency by two or more cycles. Second, we can reduce
policy. Hence, both constructive and destructive interference can memory bandwidth requirements by identifying highly-predictable
occur between instructions that map to the same.entry loads and completely bypassing the conventional memory hierarchy
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TABLE 2. LVP Unit Configurations. For history depth greater and longer load latency (the misprediction penalty is discussed fur-
than one, a hypothetical perfect selection mechanism is assumedther in Section 4). In our experimental framework we classify static
loads into three categories based on their dynamic behabiere

LVP Table LCT CVvuU are loads whose values are unpredictable with \#TLthose that

LVP Unit — Bits/ | Bits/ are predictable, and those that are almost always predictable. By

) . . . classifying these separately we are able to take full advantage of
Configuration | Entries | Depth | Entries] Entry | Entry each case. ¥can avoid the cost of a misprediction by identifying

Simple 1024 1 256 2 32 the unpredictable loads, and we can avoid the cost of a memory
Constant 1024 1 256 1 128 access if we can identify and verify loads that are highly-predictable.
Limit 2096 16/Perf 1024 5 128 In order to determine the predictability of a static load instruction,

itis associated with a set of history bits. Based on whether or not pre-
Perfect w| oofPerf »| Perfec 0 vious predictions for a given load instruction were correct, we are
for these loads. ThevP Unit consists of a load value prediction ~able to classify the loads into three general grouppredictable

table or VPT (Section 3.1) for generating value predictions, a load Predictable andconstantoads. The load classification table or LCT
classification table or LCT (Secti@2. and Section 3.3) for decid- ~ CONSsists of a direct-mapped table of n-bit saturating counters
ing which predictions are likely to be correct, and a constant verifi- indexed by the low-order bits of the instruction address. Table
cation unit or CVU (Section 3.3) that replaces accessing the ShOWs the number of entries (column 4) as well as the size of each

conventional memory hierarchy for verifying highly-predictable Saturating counter (column 5) for the LCT configurations used in our
loads. study. The 2-bit saturating counter assigns the four available states

. 0-3 as‘don’t predict”, “don’t predict”, “predict” and“constant,”

3.1. Load Value Prediction Table . while the 1-bit counter assigns the two stateslas't predict and

The LVPT is used to predict the value being loaded from memory «constant’ The counter is incremented when the predicted value is
by associating the load instruction with the value previously loaded correct and decremented otherwise. In T@&lee show the per-
by that instruction. The\LPT is indexed by the load instruction  centage of all unpredictable loads the LCT is able to classify as
address and is not tagged, so both constructive and destructive |nterunpredictab|e (Co|umns 2,4,6,and 8) and the percentage of predict_
ference can occur between loads that map to the same entry (th@ple loads the LCT is able to correctly classify as predictable (col-
LVPTZI)S dlrecltl-maphpeg)-fi'b|eﬁ Sh%WS the nuerelr of eg)t:tles 5100]!- umns 3, 5, 7, and 9) for ti@mpleandLimit configurations.
umn 2) as well as the history depth per entry (column 3) for the four — .
LVPT configurations used in our studyonfigurations with a his- 3.3. Constant \erification Un!t ) .
tory depth greater than one assume a hypothetical perfect mecha- Although the LCT mechanism can accurately identify loads that

nism for selecting the correct value to predict, and are included to'étriéve predictable values, we still have to verify the correctness of

explore the limits of history-based load value prediction. the LVPT's predictions. Fopredictableload;, we simply retrieve
the value from the conventional memory hierarchy and compare the

3.2. Dynamic Load Classification. predicted value to the actual value (see Fig)reHowever for
~Load value prediction is useful only if it can be done accurately highly-predictable oconstantioads, we use the constant verifica-
sinceincorrect predictions can lead to increased structural hazardstion unit, or CVU, which allows us to avoid accessing the conven-

TABLE 3. LCT Hit Rates. Percentages shown are fractions of _ tional memory system completely by forcing théAT entries that
unpredictable and predictable loads identified as such by the LCT correspond to constant loads to remain coherent with main memory

TABLE 4. Successful Constant Identification Rates.
PowerPC Alpha AXP Percentages shown are ratio of constant loads to all dynamic loads.

Bﬂigﬁ? Simple Limit Simple Limit PowerPC Alpha AXP

Unpr| Pred|Unpr| Pred| Unpr| Pred| Unpr| Pred Benchmarl Simple | Limit Simple | Limit
ccl-271 | 86%| 64%| 58%| 909 86%| 57%| 64%)| 86% oCl271 13% 2304 10% 124%
cipeg 97%)| 61%| 92%| 6194 93%| 75%| 93%| 82% cipeg 1% 7% 17% 17%
compres$ 99%| 94%| 97%| 9094 98%| 56%| 97%| 94% compress 33% 3494 36% 2%
doduc | 83% 75%| 82%| 9294 84%| 68%| 78%| 92% Joduc 5% 0% 5% 15%
eqntott | 91%| 85%| 88%| 9994 68%| 80%| 83%| 97% eqniott 19% 2% 21% 35%

0, 0, 0, 0, 0, 0, 0, 0,

e b e R T———
gperf 21% 39% 38% 56%
grep 93%| 88%| 67%| 819 85%| 82%| 92%| 92% grep 16% 244 18% 2204
hydro2d | 82%| 85%| 63% 91%] 86%| 80%| 60%| 89% hydro2d 2% 8% 3% 10%
mpeg | 86%| 90%| 78%| 93% 84%| 88%| 85%| 93% mpeg 12% sl 10% 8%
perl 84%| 71%| 65%)| 93% 83%| 66%| 74%| 93% perl 8% 199 7% 8%
quick 98%| 84%)| 93%)| 899 98%)| 95%)| 96%| 95% quick 0% 0% 31% 31%
SC 77%| 90%)| 59%| 97% 86%)| 85%| 78%| 95% sC 3204 469 26% 31%
swm256 | 99%| 89%| 99%| 93% 99%| 86%| 99%| 90% SWm256 8% 179 12% 12%
tomcatv {1009 89%)|100%| 98%) 99%| 68%| 99%| 70% rr— 0% 0% 1% 1%
xlisp 88%| 83%| 77%] 939 90%| 74%| 76%| 93% Xiisp 14% 2594 8% 30%
GM 90%| 81%| 75%)| 90% 86%| 78%| 81%| 90% GM 6% 11% 12% 18%
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For the LVPT entries that are classified as constants by the LCT,

the data address and the index of the LVPT are placed in a separate, Sample Load PC Sample
fully-associative table inside the CVU. This table is kept coherent Load LCT le | R LvPT | Store
with main memory by invalidating any entries where the data | Fetch | Executio N i Execution

address matches a subsequent store instruction. Meanwhile, whep™ — =1 — = = = I5edict? ~predicted

the constant load executes, its data address is concatenated with the value

LVPT index (the lower bits of the instruction address) and the B | |
CVU'’s content-addressable-memory (CAM) is searched for a |

matching entry. If a matching entry exists, we are guaranteed that the

value at that LVPT entry is coherent with main memory, since any

updates (stores) since the last retrieval would have invalidated the EL' Address

CVU entry. If one does not exist, the constant load is demoted from| EX1 —

constant to justpredictable status, and the predicted value is now -

— 7T T Addressr
verified by retrieving the actual value from the conventional mem- LVPT IndeX—cial

C
ory hierarchy I -
. Value
Table4 shows the percentage of all dynamic loads that are suc-| Ex2 |_J W l_:|

cessfully identified and treated as constants. This can also be thought- — —| i § — - Address 1 _

of as the percentage decrease in required bandwidth to the L1 data
cache. As a second-order effect, we also observe a decrease in the 1|2
cache bandwidth for our 21164 machine model (see Section 6.1)| Comp
Although we were disappointed that we are unable to obtain a more N l\r

significant reduction, we are pleased to note that load value predic - :

tion, unlike other speculative techniques like prefetching and branch Eg;g FS% ?s I?Jlgglé t%l ?ﬁéi';‘ ig{;?ﬁ;&?ﬁf&ﬂs{g'ﬂm%
prediction, reduces, rather than increases, memory bandwidth \5e to predict and to determine whether or not a predidtion
requirements. should be made. Constant loads that find a match in the CVU
3.4. TheLoad Value Prediction Unit neednt access the cache, while stores cancel all matching

~ Theinteractions between th&T, LCT, and CVU are described | gg{gale\?ghe:s' X;leh %gnt]g%ré%"”‘dm%%}np;ﬂg?é?%g%%gi& and
in Figure3 for both Ioad.s and stores. .When a load instruction is | 54 dependent instructions are reissued if necessary
fetched, the low-order bits of the load instruction address are use

to index the VPT and LCT in parallel. The LCT (analogous to a time. Second, the design adds little or no complexity to critical delay
branch history table) determines whether or not a prediction shouldpaths in the microarchitecture. Rather, table lookups and verifica-
be made, and theVPT (analogous to a branchdat bufer) for- tions are done in parallel with existing activities or are serialized
wards the value to the loaddependent instructions. Once the Wwith a separate pipeline stage (value comparison). Finally, we reit-
address is generated, in stage EX1 of the sample pipeline, the cacherate that the LVP Unit, though speculative in nature, actually
access and CVU access progress in parallel. When the actual valueeduces memory bandwidth requirements, rather than aggravating
returns from the L1 data cache, it is compared with the predictedthem.

data, and the dependent speculative instructions are consequently M icroarchitectural Models

either written back or reissued. Since the search on the CVU can not . . .

be performed in time to prevent initiating the memory access, the !N order to validate and quantify the performance impact of load
only time the CVU is able to prevent the memory access is when avalue prediction and constant identification, we implemented trace-

: ; ; ardriven timing models for two significantly f#fent modern micro-
bank conflict or cache miss occurs. In either case, a CVU match will . .
! ' u " ; Wi processor implementationthe PowerPC 620 [DNS95,TI95]

a store, a fully-associative lookup is performed on the stadelress and the Alpha AXP .2154 [BK95]; one aggresswely out of _order
and all matching entries are removed from the CVU. the other clean and in ord&e chose to use wo éfent architec-
. ) tures in order to alleviate our concern that the value locality behavior

3.5. LVP Unit Implementation Notes we observed is perhaps only an artifact of certain idioms in the

An exhaustive investigation of LVP Unit design parameters and instruction set, compilerun-time environment, and/or operating
implementation details is beyond the scope of this paper. However,system we were running on, rather than a more universal attribute of
to demonstrate the validity of the concept, we analyzed sensitivity general-purpose programse\dhose the PowerPC 620 and the AXP
to a few key parameters, and then selected several design points 21164 since they represent two extremes of the microarchitectural
use with our microarchitectural studies (Section 6). We realize thatspectrum, from complex “brainiac” CPUs that aggressively and
the designs we have selected are by no means optimal, minimal, odynamically reorder instructions to achieve a high IPC metric, to the
very effiCiEfn}i andbcould be irlonOVEd signri]ficantly. Fg: examme, we clean, straightforward, and deeply-pipelined “speed demon” CPUs
reserve a full 64 bits per value entry in the LVP Table, while most : :
instructions generate only 32 or fewer bits, and space in the table TABLE 5. Instruction L atencies
could certainly be shared between such entries with some cleve
engineering. The intent of this paper is not to present the details o
such a design; rather, our intent is to explore the larger issue of thg
impact of load value prediction on microarchitecture and instruc-

N N

PowerPC 620 |Alpha AXP 21164

Instruction Class
Issue | Result| Issue | Result

tion-level parallelism, and to leave such details to future work. Simple Integer 1 1 1 1
However, we note that the LVP Unit has several characteristics| Complex Integer 1-35 1-35 16 16

that make it attractive to a CPU designer. First of all, since the LVPT Load/Store 1 > 1 >

and LCT lookup index is available very early, at the beginning of the [ —

instruction fetch stage, access to these tables can be superpipeling§imple FP 1 3 1 4

over two or more stages. Hence, given the necessary chip spacéComplex FP 18 18 1 36-65

even relatively large tables could be built without impacting cycle Branch(pred/mispr) 1 0/1+ 1 0/4

www.manaraa.com



Comp Uni ] SO0
(16/32) Fetch/Dispatch Unipp LVP Unit Fetch

F N I —ST ——————— - —_— d— ———————
ecode
Y Vv v Y ¥ W e
RS RS RS RS RS RS
@yylesyy ey ey o 2 .- |

V V V V V V S3 Dispatch

| scrx| | scex| [mcex] | Fru | | BRU | | Lsu

_________ = = = — — — — — =
[ v /[ v /[ v /[ v /[ v_/ s4 v v v v v
5 5 Lt
i i i ool sled 22 H P}
c|| = ) )
GPR/Renam FPR/Renamf CR/Renam S5\ Fa ||l g - 3 E I
(8/16) (8/16) 16/16 52 el lol|z| |3 o
— i I — = | 9} -
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that rely primarily on clock rate for high performance [Gwe94]. The = — — — — — -g — 8 [~ -
issue and result latencies for common instruction types on both| S7 @
machines are summarized iable5 . Writeback -

4.1. The Power PC 620 M achine M odel

The microarchitecture of the PowerPC 620 is summarized in
Figure4. Our model is based on published reports on the PowerPC Writeback
620 [DNS95, IT95] and accurately models all aspects of the
microarchitecture, including branch prediction, fetching, dispatch- | FIGURE 5. Alpha AXP 21164 Block Diagram.
ing, register renaming, out-of-order issue and execution, result for-
warding, the non-blocking cache hierarctgtore-to-load alias
detection and instruction refetching, and in-order completion. T
alleviate some of the bottlenecks we found in the 620 design, we als
model an aggressive “next-generation” version of the 620, which we
term the 620+. The 620+ hfs from the 620 by doubling the num-
ber of reservation stations, FPR and GPR renanfersuand com-
pletion bufer entries; adding an additional load/store unit (LSU)

[9)]
(o]
-

might not have occurred otherwise. The penalty occurs only when
a dependent instruction has already executed speculatively, but is
aiting in its reservation station for the load value to be committed
or corrected. Since the load value comparison takes an extra cycle
beyond the standard two-cycle load latency, the dependent instruc-
tion will reissue and execute with the correct load value one cycle
later than it would have had there been no prediction. In addition, the
without an additional cache port (the base 620 already has a dual?arlier incorrect specu_lative is_sue may cause as_tructural haz_ard that
banked data cache); and relaxing dispatching requirements to allowprevents other useful instructions from dispatching or executing. In
up to two loads or stores to dispatch and issue per cycle. In additiontNOS€ cases where the dependent instruction has not yet executed
we add a VP Unit that predicts load values by keeping a value his- (dueto strl_JcturaI or other unres_olved d{:\ta depe_ndenmes), there is no
tory indexed by load instruction addresses. penalty, since the dependent instruction can issue as soon as the

The LVP Unit predicts the values during dispatch, then forwards loaded value is available, in parallel with the value comparison in the

them speculatively to subsequent operations via the 620’s renaméoad/Store pipeline. In any case, due to the LCT which accurately

busses. Dependent instructions are able to issue and execute imm&yevents incorrect predictions, the misprediction penalty does not

diately, but are prevented from completing architecturally and are sgpkl]flcantly affectbperfortmart\ce.l h d It in th ¢
forced to retain possession of their reservation stations. Specula- ere can aiso be a structural hazard penaity €ven in the case o
tively-forwarded values are tagged with the uncommitted loads theya correct prediction. Since speculative values are not verified until

depend on, and these tags are propagated to the results of any sugle cycle after the actual values become available, speculatively-
! Issued dependent instructions may end up occupying their reserva-

sequent dependent instructions. Meanwhile, uncommitted loads,; tati f e | than th Id h had th
execute in the load/store pipe, and the predicted values are verifie(£22n5r?o'g?:di(é{igrr]‘e cycle longer than they would have had there

by either a CVU address match or a comparison against the actual

values retrieved by the loads. Once a load is verified, all the depen4.2. The Alpha AXP 21164 Machine M odel

dent operations are either ready for in-order completion and can Our in-order processor model, summarized in Figyrdifiers

release their reservation stations (in the case of a correct prediction)from the actual AXP 21164 [BK95] in three ways. First, we do not

or restart execution with the correct load values (if the prediction is fully model the MAF (miss address file) which enables nonblocking

incorrect). Since the load/store unit supports multiple non-blocking L1 cache misses on thelB4. Rathgrwe assume an abstract pipe-

loads on cache misses, verifying a predicted value can take up tdined memory subsystem which allows any number of nonblocking

dozens of cycles, allowing the processor to speculate several levelsnisses (this is more aggressive than the actufi£and will tend

down the dependency chain beyond the load, executing instructiongo understate our results fovR). Second, in order to allow specu-

and resolving branches that would otherwise be blocked by truelation to occur in our P configurations, we must compare the

dependencies. actual data returned by the data cache and the predicted data. Since
The worst-case penalty for an incorrect load value prediction in the distance between the data cache and the writeback is already a

this scheme, as compared to not predicting the value in question, igritical path in hardware, the comparison requires an extra stage

one additional cycle of latency, along with structural hazards that before writeback. The third modification, the addition ofréassue
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buffer, allows us to bdér instruction dispatch groups that contain
predicted loads. Vth this feature, we are able to redispatch instruc-
tions when a misprediction occurs with only a single-cycle penalty
The latter modifications apply only to owR configurations, and 14
not to the baseline 264 model. ’
In order to keep the AXP 21164 model as simple as possible,
when any one of two dispatched loads is mispredicted then all of the
eight possible instructions in flight are squashed and reissued from
the reissue buffer regardless of whether or not they are dependent o
the predicted data. Since the 21164 is unable to stall anywhere pag
the dispatch stage, we are unable to predict loads that miss the L1
data cache. However, when an L1 miss occurs, we are able to return 1.0

Alpha AXP 21164
15

GM=1.06 Simple
GM=1.09 Limit
GM=1.16 Perfect

13

1.2

~ = Speedup

1.1

to the non-speculative state before the miss is serviced. Hence, therg \}rﬁ”&e‘z@io&%@ &s* QQJ‘ & &&z&e@ & N i\fﬁidﬁ &
is no penalty for doing the prediction. The inability of our LVP Unit & L @ o & QO

to speculate beyond an L1 cache miss in most cases means that the PowerPC 620

LVP Unit's primary benefit is the provision of a zero-cycle load 15

[AS95]. GM=1.03 Simple

GM=1.03 Constant
GM=1.06 Limit
GM=1.09 Perfect

Typically, we envision the CVU as a mechanism for reducing 1.4
bandwidth to the cache hierarchy (evidence of this is discussed in
Section 6.1 and Section 6.5). However, since the 21164 is equipped
with a true dual-ported cache and two load/store units it is largely
unaffected by a reduction in bandwidth requirement to the L1 cache.
In addition to reducing L2 bandwidth, the primary benefit of the 11
CVU in the 21164 model is that it enables those predictions identi-

1.3

Speedup

1.2

fied as constants to proceed regardless of whether or not they miss 1o 1 I

the L1 data cache. Hence, the only LVP predictions to proceed in A DS E S E SRR DD PSR
. L] ™ f NN P LLFE T2 D @

spite of an L1 cache miss are those that are verified by the CVU. OQ\;P" N o\?)@Q@ T E K %6‘0 NS 6§t§° £

5. Experimental Framework ° _
Our experimental framework consists of three main phases: trace FIGURE 6. Base Machine Model Speedups.
generation, ¥P Unit simulation, and microarchitectural simula- 620 for two LVP Unit configuration that we consider realistic (i.e.
tion. All three phases are performed for both operating environ- buildable within one or two processor generations) as well as two
ments (IBM AIX and DEC OSF/1). idealized LVP Unit configurations. The two realistic configurations,
For the PowerPC 620, traces are collected and generated with th&mple andConstant, are described in Tab® To explore the limits
TRIP6000 instruction tracing tool. TRIP6000 is an early version of of load value prediction, we also include results forltimait and
a software tool developed for the IBM RS/6000 that captures all Perfect LVP Unit configurations (also described in TaBle The
instruction, value and address references made by the CPU while ifformer is similar to th& mple configuration, only much larger, but
user state. Supervisor state references between the initiating systeritis not realisticsince it assumes a hypothetical perfect mechanism
call and the corresponding return to user state are lost. For the Alphdor selecting which of the sixteen values associated with each load
AXP 21164, traces are generated with the ATOM tool [SE94], instruction address is the correct one to predict. The latter configu-
which also captures user state instruction, value and address refefration, Perfect, is able to correctly predict all load values, but does
ences only. The instruction, address, and value traces are fed to aot classify any of them as constants. Neither of these configurations
model of the LVP Unit described earlier, which annotates each loadis buildable, but the configurations arevertheless interesting,
in the trace with one of four value prediction states: no prediction, since they give us a sense of how much additional performance we
incorrect prediction, correct prediction, or constant load. The anno- can expect from more aggressive and accursfe implementa-
tated trace is then fed in to a cycle-accurate microarchitectural sim-tions.
ulator that correctly accounts for the behavior of each type of load. Figure6 also shows three of these four LVP configurations for the
All of our microarchitectural models are implemented using the Alpha AXP 21164. We omit th€onstant configuration from our
VMW framework [DS95], which enables significant productivity 21164 simulations because it does not differ significantly from the
gains by allowing us to reuse and retarget existing models. The LVPSmple configuration on the 620 and because we have limited access
Unit model is separated from the microarchitectural models for two to native Alpha CPU cycles for collecting traces.
reasons: to shift complexity out of the microarchitectural models  In general, the 21164 derives roughly twice as much performance
and thus better distribute our simulations across multiple CPUs; andbenefit from LVP as does the 620. We attribute this to two factors:
to conserve trace bandwidth by passing only two bits of state perits small first-level data cache (8K direct-mapped vs. the 620's 8-
load to the microarchitectural simulator, rather than the full 32/64 bit way associative 32K cache) benefits more from the CVU, and its in-
values being loaded. order issuing policy makes it more sensitive to load latency, since it
i is forced to depend solely on the compiler to try to overlap it with
6. Experimental Results . . other useful computation. The 620, on the other hand, is able to find
We collected four types of results from our microarchitectural iher yseful computation dynamically due to its out-of-order core.
models: cycle-accurate performance results for various combina- 1, benchmarksgtep andgawk) stand out for the dramatic per-
tions of LVP Unit configurations and microarchitectural models for o mance increases they achieve on both models. This gain results
both the 620 and 284; distribution of load latencies for the 620; oy the fact that both benchmarks are data-dependence bound, i.e.
average data dependency resolution latencies for the 620; and redugpey, have important but relatively short dependency chains in which
tions in bank conflicts for the 620. load latencies make up a significant share of the critical path. Thus,
6.1. Base Machine Model Speedups with Realistic LVP according to Amdahl’s Law, collapsing the load latencies results in
In Figure6, we show speedup numbers relative to the baseline significant speedups. Conversely, benchmarks which we would
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expect to perform better based on their high load value locality (e.g.
hydro2d andmpeg on both models), fail to do so because load laten-
cies make up a lesser share of the critical dependency paths.

The bandwidth-reducing effects of the CVU manifest themselves
as lower first-level data cache miss rates for several of the bench-
marks running on the 21164. For example, the miss ratoifior
press drops from 4.3% to 3.4% per instruction, a 20% reduction.
Likewise, egntott andgperf experience ~10% reductions in their
miss rates, which translate into the significant speedups shown in
Figure6. Evencjpeg andmpeg, which gain almost nothing from

LVP on the 620, eke out measurable gains on the 21164 due to the

10% reduction in primary data cache miss rate brought about by the
CVU.

6.2. Enhanced Machine and VP Model Speedups

To further explore the interaction between load value prediction
and the PowerPC 620 microarchitecture, we collected results for the,
620+ enhanced machine model described earlier in conjunction with
four LVP configurations.

25.0

PPC 620 PPC 620+

100.0 T T ][ T T T T ]
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1 F (3>-O Constant B
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Load Verification Latency

The results for these simulations are summarized in Table
where the third column shows the 620+'s average speedup of 6.1%
over the base 620 with no LVP, and columns 4 through 7 show aver-

FIGURE 7.Load Verification

Latency Distribution.

Numbers shown are the percentage of correctly-predicted
loads that are verified a given number of cycles after they are

age additional speedups of 4.6%, 4.2%, 7.7%, and 11.3% for the

dispatched.

Simple, Constant, Limit, andPerfect LVP configurations, respec-  for each of the four /P configurations§mple, Constant, Limit,

tively. In general, we see that the increased machine parallelism ofangperfect) on the 620 and 620+ machine models. That is, we show
the 620+ more closely matches the parallelism exposed by loadthe percentage of correctly-predicted loads that are verified a given
value prediction, since the relative gains for the realistic LVP con- number of cycles after they are dispatched. The numbers shown are
figurations are nearly 50% higher than they are for the baseline 620the sum over all the benchmarks. These results provide an intuitive
The most dramatic examples of this trendgrep andgawk, which  fee| for the number of cycles of load latency being eliminated by
show very little speedup from the increased machine parallelism|oad value prediction. Clearljf a lager percentage of loads have
without LVP, but nearly double their relative speedups with LVP |gnger latency LVP will prove more beneficial. Interestingly
(with the Smple LVP configuration,grep increases from 20% to  enough, the distributions for all fouV’P configurations look virtu-

33%, whilegawk increases from 15% to 30%).

ally identical, which indicates that more aggressive implemen-

TABLE 6. PowerPC 620+ Speedupsolumn 3 shows 620+ tations (likeLimit andPerfect) are uniformly efiective, regardless of
speedup relative to 620 with n¥B; columns 4-7 show additional load latencyOne would expect that a wider microarchitecture like
LVP speedups relative to baseline 620+ with W&.L the 620+ would reduce average load latesitice many of the struc-

Bench | Base Cyc| 620+ Sim-1 con- .y | Per
ple | stant fect

ccl-271 93,371,80{ 1.0574 1.006 1.003 1.045 1.071
ccl 117,571,995 1.112§ 1.012 1.006 1.021 1.041
cipeg 2,818,987 1.124 1.001 1.011| 1.000 1.021
compresg 33,436,604 1.094 1.006 1.006§ 1.019 1.175
doduc 43.796,62¢ 1.030 1.007 1.008 1.016 1.039
egntott 18,823,363 1.049 1.029 1.037, 1.083 1.082
gawk 28,741,147 1.009 1.293 1.240 1.327| 1.272
gperf 4,893,964 1.104 1.026 1.019 1.045 1.034
grep 2,169,697 1.019 1.329 1.310 1.531 1.789
hydro2d 5,398,363 1.024 1.018 1.019 1.028 1.041
mpeg 5,394,984 1.193 1.012 1.023 1.036 1.031
perl 102,965,698 1.05(J 1.046 1.007 1.099 1.116
quick 704,264 1.019 1.000 0.999 1.051 1.170
SC 62,227,728 1.06]] 1.035 1.05 1.061 1.088
swm256] 51,327,96% 1.044 1.000 1.000 1.000 1.025
tomcatv | 32,838,45% 1.019 1.003 1.003 1.004 1.050
xlisp 44,844,609 1.054 1.022 1.026 1.059 1.058
GM 1.06111.046|1.042| 1.077| 1.113

6.3. Distribution of Load V erification Latencies

In Figure7 we show the distribution of load verification latencies

tural dependencies are eliminated. These results counter that expec-
tation, howeversince there is a clear shift to the right in the
distribution shown for the 620+. This shift is caused by the time dila-
tion brought about by the improved performance of the 620+, which
in turn is caused by its microarchitectural improvements as well as
the relative improvement irdP performance noted in Section 6.2.

6.4. Data Dependency Resolution Latencies

The intent of load value prediction is to collapse true dependen-
cies by reducing memory latency to zero cyclescdnfirm that this
is actually happening and to quantify the dependencies being col-
lapsed, we measured the average amount of time an instruction
spends in a reservation station waiting for its true dependencies to be
resolved. The results are summarized in Fi@ rehich categorizes
the waiting time reductions by functional unit type. The numbers
shown are the average over all the benchmarks, normalized to the
waiting times without ¥P. We see that instructions in the branch
(BRU) and multi-cycle integenCFX) units experience the least
reductions in true dependency resolution time. This makes sense,
since both branches and move-from-special-purpose-register
(mfspr) instructions are waiting for operand types (link regjster
count registerand condition code registers) that théPLmecha-
nism does not predict. Conversdlye dramatic reductions seen for
floating-point (FPU), single-cycle fixed point (SCFX), and load/
store (LSU) instructions correspond to the fact that operands for
them are predicted. Furthermore, the relatively higher value locality
of address loads shown in Fig@eorresponds well with the dra-
matic reductions shown for load/store instructions in FiGukeven
with just theSimple or Constant LVP configurations, the average
dependency resolution latency for load/store instructions has been
reduced by about 50%.
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FIGURE 8. Data Dependency Resolution Latencie€ycles £ 50
spent waiting for operands are normalized to baseline 520/ |8

620+ models. -

6.5. Bank Conflicts 0.0

The purpose of the CVU is to reduce memory bandwidth by elim-
inating the need for constant loads to access the conventional memt
ory hierarchyIn our 620 and 620+ models, this benefit manifests i _
itself as a reduction in the number of bank conflicts to the two banks| FIGURE 9. Percentage of Cycles with Bank Conflicts

of the first-level data cache. On the 620, in any given cycle, both aghown that measurable (3% on average for the 620, 6% on average
load and a store can attempt to access a data cache port. If bothy the 2164) and in some cases dramatic (up to 21% on the 620 and
accesses are to the same bank, a conflict occurs, and the store mMugyo, on the 2164) performance gains are achievable with simple
wait to try again the next cycle. On our 620+ model this problem is yicrgarchitectural extensions to two current microprocessor imple-
aggravated, since up to two loads and a store can attempt to acCe$gentations that represent the two extremes of superscalar design
the two available banks in each cycle. philosophy

_In Figure9, we show the fraction of cycles in which a bank con- " \ye envision future work proceeding on several different fronts.
flict occurs for each of our benchmarks running on the 620 and 620+t of a1, we believe that the relatively simple techniques we
models.Overall, bank conflicts occur in 2.6% of all 620 simulation employed for capturing value locality could be refined and extended
cycles for our benchmark set, and 6.9% of all 620+ cyclesS@ur to effectively predict a larger share of load values. Those refine-
pleLVP Unit configuration is able to reduce those numbers by 8.5% ments and extensions might include allowing multiple values per
and 5.1% for the 620 and 620+, respectivelfile ourConstant static load in the prediction table by including branch history bits or
configuration manages to reduce them by 14.0% and 14.2% (we argyier readily available processor state in the lookup index; or mov-
pleasec_i to note that_these reductions are relatively higher than thosg1g beyond history-based prediction to computed predictions
shown in ‘Bble4, which means the CVU tends toger loads that  ,rough techniques like value stride detection. Second, our load
are, on average, more likely to cause bank conflicts). classification mechanism could also be refined to correctly classify

Interestingly enough, a handful of benchmargawk, grep, more loads and extended to control pollution in the value table (e.g.
hydro2d) experience a slight increase in the relative number of ronqying loads that are not latency-critical from the table). Third,
cycles with bank cofitts as shown in Figur®. This is actually e microarchitectural design space should be explored more exten-
brought about by the time dilation caused by the increased perfor-gjye|y since load value prediction can dramatically alter the avail-
mance of the /P configurations, rather than an increase in the abso- 4o program parallelism in ways that may not match current levels

’\'\’O’eqegx\c’oé'é\" N
0\/9/ < (-J\Q@Q@ bobe,§ & Q’QQ;
o
9

lute number of bank cohéts. One benchmarktemcatv--did of machine parallelism very well. Fourth, feedback-directed com-
experience a very slight increase in the absolute number of bankyjier support for rescheduling loads for different memory latencies
conflicts on the 620+ model.&\iew this as a second-ordefeet based on their value locality may also prove beneficial. Finally,

of the perturbations in instruction-level parallelism causediiy L 16 aggressive approaches to value prediction could be investi-
and are relieved to note that it is overshadowed by other factors thabated. These might include speculating down multiple paths in the
resultin a sllqht net performance gain famcatv (see Bble6). value space or speculating on values generated by instructions other
7. Conclusions and Futue Work than loads.

We make three major contributions in this papénst, we intro- Acknowledgments
duce the concept oluelocality in computer system storage loca- s work was supported in part by ONR grant no. NO0014-96-
tions. Second, we demonstrate that load instructions, wheny ggag v also gratefully acknowledge the generosity of the Intel
examined on a pénstruction-address basis, exhibit significant  corporation for donating numerous fast Pentium Pro-based work-
amounts of value locality hird, we describkoad value prediction, stations for our use. These systems reduced our simulation turn-
a microarchitectural technique for capturing and exploiting load 4,5,nd-time by more than an order of magnitude.algo wish to

value locality to reduce feictive memory latency as well as band-  hank the IBM Corporation for letting us use the TRIP6000 instruc-
width requirements. Ware very encouraged by our resulte.have tion tracing tool in our work.
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